Abstract. The objective of this work was to study the effects of inoculation with an arbuscular mycorrhizal fungus (AMF), Glomus mosseae, and/or a phosphate-solubilising fungus (PSF), Mortierella sp. SM-1, on the nutrient uptake and growth of beach plum (Prunus maritima) when grown under 1% (w/v) NaCl stress. High concentration of NaCl (≥200 mMol) treatments adversely inhibited colonizations and spore densities by AMF or/and PSF, as well as the nutrient uptake of N, Ca, Mg, Cu, Fe, Zn and Mn nutrient acquisition, resulting in an important reduction in shoot and root dry biomass. Plants inoculated with AMF or/and PSF strongly promoted AM colonization and spore density, plant dry biomass and nutrient uptake by P. maritima. Dual inoculation of AMF and PSF showed significant higher effects on variation of the ion concentration (N, Ca, Mg, Cu, Fe, Zn and Mn) and plant growth indexes. It is concluded that AMF inoculation with PSF application could synergistically enhance the nutrient uptake and growth of plants.
Introduction
Saline soils occupy 8 % of the earth's land surface and represent a major limiting factor for plant growth and biomass [1] . Exploitation on these areas by planting crop or fruit trees adaptive to alkali-saline soil has a promising future. But the situation is complicated by the fact that the soil of these regions generally contains little organic matter and bioavailable mineral nutrients. Thus, the establishment of salt tolerant crop or fruit trees is difficult without the use of fertilizers which are usually expensive to farmers of low incomes. The use of plant growth-promoting microorganisms has been shown to be an economical and environmentally-friendly approach to counteract the adverse effects of salt stress [1, 2] . Arbuscular mycorrhizal fungi (AMF) can form a symbiotic association with most plant species and improve the efficiency of associated plants to assimilate P from the saline soil solution [2, 3] . In addition, some phosphate-solubilizing fung (PSF) can solubilize P and other anions in saline soils and increase the amount of phosphate available to plants [4] . The released P cannot be transferred to the roots by the PSF, but may be taken-up by the external mycelium of the AMF.
Beach plum (Prunus maritima) is an extremely salt tolerant, drought-resistant, multi-stemmed, deciduous shrub, with its profuse white bloom in spring and evergreen period lasting to late autumn, as well as its rich and edible fruit [5] . Due to its strong adaptation to arid soils and its potential as an economic plant, beach plum was first introduced into China by Nanjing University in 2001. However, poor growth and low survival of transplanted seedlings are now a serious problems that limits widespread cultivation in salinized soil in China. It has been discovered that roots of beach plum could form symbiotic associations with AMF and Glomus mosseae inoculation could improve the nutrients uptake in beach plum under salt stress [6] . Nevertheless, no information is available on the effects of PSF, especially the dual inoculation of PSF with AMF on the nutrients uptake and growth responses of beach plum in saline soil. Therefore, the aims of the present study were to evaluate the effects of an AMF (G. mosseae), and a PSF (Mortierella sp. SM-1) which was isolated from salt-affected coastal soil samples collected from seashore of Jiangsu province by our laboratory (Zhang et al., 2011) , on nutrients uptake and growth of beach plum (P. maritima) seedlings under 1% NaCl stress.
Materials and Methods

Plant Materials
Seeds of beach plum from Halophyte Biotechnology Center, University of Delaware, USA, were prepared by removing capsules and then germinated on modified MS media (half of NH 4 NO 3 replaced by 0.02 % active carbon and 10 mg/L 6-BA). According to Fang et al. [7] , we cultivated tissue culture plantlets. Two-month-old healthy seedlings of uniform size were selected for experiment. Each plantlet was grown in a 500 mL pot on a sterilized substrate of soil, the substrate used in this study was purchased from Red Sun Group, Nanjing, P.R. China. The basic components of cultivation substrate were as follow: 1.35% organic matter, 0.0048% available N (w/w, the same below), P 0.0025%, K 0.0148%, pH 7.2.
Fungal Inocula
The mycorrhizal fungus was Glomus mosseae, in the form of sandy soils containing AM fungal spores and maize root fragments. The original G. mosseae inoculum (BGCJX01) was obtained from the Institute of Plant Nutrition and Fertilisers, Chinese Academy of Agriculture. The inoculum of Mortierella sp. SM-1was prepared using the method of Zhang et al. [8] .
Experimental Design and Biological Treatments
Two-month-old healthy seedlings of uniform size were selected for experiment. Each plantlet was grown in a 500 ml pot on the above sterilized substrate, inoculated with 10 g G. mosseae plus 10 g sterile G. mosseae (Gm), 10 mL Mortierella sp. SM-1 plus 10 g sterile G. mosseae (Mo), and 10 g Glomus mosseae + 10 mL Mortierella sp. SM-1 (Gm + Mo), 10 g sterile G. mosseae plus 10 mL Mortierella sp. SM-1(CK). After 2 months, plants of similar dry matter and P content were transferred to drainless pots, with different levels of salinity. The treatments consisted of four salinity levels (0, 100, 200 and 300 mM NaCl). NaCl was added to the medium and two seedlings were cultured in any pot with 10 replicates for each treatment. Pots were kept in a glasshouse for 3 months at an average temperature of 27 ± 2℃, 85 % relative humidity and 250-560 µmol m -2 s -1 light intensity, and were irrigated every other day with distilled water to maintain about 70 % of field capacity.
Plant Analyses
After 3 months of growth, plant height, leaf area, dry matter of roots and shoots were measured. Plants were uprooted and the root systems detached from the shoots and gently washed. The root systems were cut into 1-cm-root pieces and mixed. The internal colonization of arbuscular mycorrhizal fungus was quantified by clearing and staining a sub-sample of the roots according to the method of Phillips and Hayman [9] . Dry mass of shoots and roots was measured after drying for 1 week at 65℃. Ground samples of leaves were ashed (500℃), digested in 2ml HCl (6 N) and 10ml HNO 3 (N) and then analyzed by colorimetry for P [10] . Other sub-samples of leaf tissue were grounded and digested in 15ml H2SO4 36N containing 50g l-1 salicylic acid for N (Kjeldhal) determination. Furthermore, samples of leaf tissue were analyzed using an ICP (Jarrell-Ash J-A1100) for concentrations of K, Mg, Na, Ca, Fe, Mn, Cu, and Zn. Data were tested on their distribution and were analyzed using analysis of variance (ANOVA) with AMF treatment and salt level as factors. When the main effect was significant (p≤0.05), multiple comparison of means by Tukey's method was conducted. All data were statistically analyzed by analysis of variance (ANOVA) using the SPSS software package (SPSS 10 for Windows 2001).
Results
Glomus Mosseae and Mortierella Sp. SM-1 on Growth of Beach Plum under NaCl Stress
Growth of beach plum plants was significantly promoted by 100mM NaCl treatment, whereas growth of plants was severely inhibited by 200 and 300 mM NaCl treatment . High concentration of NaCl (≥200 mMol) treatments induced a significant reduction of shoot dry weight, root dry weight, root dry weight /shoot dry weight ratio and total leaf area in plants, while Gm, Mo, or Gm + Mo inoculation counteracted such reductions significantly. Among the three inoculations used, dual inoculation of Gm and Mo was the most effective. Dual inoculation of Gm and Mo showed significantly higher effects on plant growth parameters than those of individual inoculation with Gm or Mo (p ≤ 0.05, Table 1 ). Structures characteristic of Gm were not observed in roots of controls and plants inoculated with Mo alone (data not shown). Under NaCl stress, the mycorrhizal colonizations of both Gm and Gm + Mo inoculation were decreased significantly, and the percentages root colonization of plants co-inoculated with Gm and Mo were significantly higher than those of plants inoculated with Gm alone (p ≤ 0.05, Table 1 ). ▲ Not significant; * p ≤ 0.05; ** p ≤ 0.01. The same below.
Glomus Mosseae and Mortierella Sp. SM-1 on Nutrient Uptake of Beach Plum under NaCl Stress
The nutrient levels varied according to the Gm or/and Mo inoculations, and NaCl treatments, and all amounts of nutrients in the leaf showing interaction (Table 2) . Although significant in the ANOVA (Table 2) , potassium varied little (minimum 18 and maximum26 g/kg) and Nitrogen had neither significant regression adjustments nor a regular response to Gm or/and Mo inoculations. In plants inoculated with Gm and Mo, the levels of Ca, Mg, Cu, Fe, Zn and Mn showed a tendency to linear or square functions and reached a peak near the highest level of salt level (300 mMol NaCl). Among the three inoculations used, dual inoculation with Gm and Mo was the most effective. Dual inoculation of Gm and Mo showed significantly higher effects on nutrient uptake than those of inoculation with Gm or Mo alone(p ≤ 0.05, Table 1 ). In addition, no difference was observed for leaves' N-content after AMF and PSF inoculations. (p≥0.05, Table 2 ). 
Discussion and Conclusion
This study clearly demonstrated that high concentration NaCl (≥200 mMol) stress significantly inhibited mycorrhizal colonisation (Table 1 ). In the presence of 200 mMol NaCl, germination of AMF spores was delayed, and the rate of AMF hyphal extension was reduced, with a subsequent decrease in the rate of spread of mycorrhizal colonization [11] . Increasing salt stress resulted in growth reduction in all treatments. At levels around 200 mM NaCl, the development of control plants was delayed obviously, and 300 mM NaCl killed some of them.
Our results showed that co-inoculation with Gm plus Mo promoted mycorrhizal root colonisation under high concentration NaCl stress ( Table 1 ). The enhanced AMF mycorrhizal root colonisation by co-inoculation with Mo may be attributed to phytohormone levels or to the soluble P produced by these microorganisms, which in turn may stimulate rapid mycorrhizal colonisation and enhance the length, distribution, survival of the external fungal mycelium [4, 8] in saline soil.
Co-inoculation with Gm plus Mo had a synergistic effect on the increase in plant DW. Similar effects have been found in clover [12] , and Kostelelzkya virginica [4, 8] . The reason might that the mixed inoculation of PSF and AMF could form a broad mycorrhizal hyphae network effectively absorb the dissolved phosphorus, which could stimulate other nutrient uptake (K, Mg, Na, Ca, Fe, Mn, Cu, and Zn) significantly in saline soil [4] . However, no difference was observed for leaves' N-content after inoculation. The proper explanations for this result are inoculation with AMF and PSF caused higher leaf biomasas well as root and shoot biomas than those of non-inoculation and then diluted the leaves' N-content.
Inoculation with Gm and/or Mo had positive effects, not only on the growth and development of beach plum plants growing, but also on the nutrient uptake under saline stress. The different fungal inocula had different effects. Among the three inocula tested, co-inoculation with Gm plus Mo was most effective. We conclude that AMF inoculation, plus the application of PSF, synergistically improved the nutrient uptake and growth of plants, which improved the tolerance of these plants to NaCl stress.
